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AbstratWe present a new measurement of the inlusive and di�erential prodution ross setions of J= mesons and b-hadrons in proton-antiproton ollisions at ps = 1960GeV. The data orrespond toan integrated luminosity of 39:7 pb�1 olleted by the CDF Run II detetor. We �nd the integratedross setion for inlusive J= prodution for all transverse momenta from 0 to 20GeV/ in therapidity range jyj < 0:6 to be 4:08 � 0:02(stat)+0:36�0:33(syst) �b. We separate the fration of J= events from the deay of the long-lived b-hadrons using the lifetime distribution in all events withpT (J= ) > 1:25GeV/. We �nd the total ross setion for b-hadrons, inluding both hadrons andanti-hadrons, deaying to J= with transverse momenta greater than 1:25GeV/ in the rapidityrange jy(J= )j < 0:6, is 0:330� 0:005(stat)+0:036�0:033(syst) �b. Using a Monte Carlo simulation of thedeay kinematis of b-hadrons to all �nal states ontaining a J= , we extrat the �rst measurementof the total single b-hadron ross setion down to zero transverse momentum at ps = 1960GeV.We �nd the total single b-hadron ross setion integrated over all transverse momenta for b-hadronsin the rapidity range jyj < 0:6 to be 17:6 � 0:4(stat)+2:5�2:3(syst) �b.PACS numbers: 13.85.Qk, 13.20.Gd, 14.40.Gx, 12.38.Qk
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I. INTRODUCTIONThe prodution of both harmonium mesons and bottom-avored hadrons (referred to asb-hadrons or Hb in this paper) in proton-antiproton olliders has sustained ontinued interestover the last several years. There are three major soures of the J= mesons: diretlyprodued J= , prompt deays of heavier harmonium states suh as 3P1 state �1 and 3P2state �2, and deays of b-hadrons. Early hadroprodution models of quarkonium statesould not desribe the ross setion of diretly produed J= mesons. These models under-predited the measurements by a fator of approximately 50, and did not adequately desribethe ross-setion shape [1℄. With the advent of the e�etive �eld theory, nonrelativisti QCD(NRQCD) [2℄, better theoretial desriptions of quarkonium prodution beame possible.Within the NRQCD fatorization formalism, the olor-otet model provides a means tobring theory into better agreement with data [3, 4℄. The fundamental idea of this modelis that while a () meson has to be in a olor-singlet state, the initially produed quark-antiquark pair does not. One an produe, for example, a () pair in a olor-otet 3P statewhih an then produe a olor singlet 3S1 J= meson by single-gluon emission. This isdone at the ost of adding a small number of parameters to the theory that urrently mustbe determined by experiment. While the olor-otet model an aommodate a large rosssetion, stritly speaking it does not predit it. There are other de�ienies of the NRQCDformalism; for example, NRQCD expets the spin alignment to be predominantly in thetransverse state for the prompt J= mesons with large transverse momenta, a preditionthat is not in agreement with subsequent measurement [5℄.Previous prompt, diret, and inlusive J= ross-setion measurements [1℄ from CDFrequired a minimum transverse momentum of 5GeV/ on the J= although greater than90% of the ross setion has been expeted to lie below this point. In this paper we presentthe �rst measurement of the inlusive entral J= ross setion over a muh larger range oftransverse momenta from zero to 20GeV/. The J= mesons are reonstruted from thedeay hannel J= ! �+��. The measurement was made possible by improving the CDFdi-muon trigger apability to be sensitive to J= with zero transverse momenta.A signi�ant fration of J= mesons produed at the Tevatron ome from the deays ofb-hadrons. In this experiment, we use the large sample of Hb ! J= X events to measurethe inlusive b-hadron ross setion. The previous Tevatron measurements [6{12℄ of the8



b-hadron ross setion in proton-antiproton ollisions at ps = 1800GeV were substantiallylarger (by a fator of two to three) than that predited by next-to-leading order (NLO)QCD alulations [13{15℄. This was partiularly puzzling sine the UA1 measurements atps = 630GeV [16℄ did not show suh a marked departure from the NLO QCD alulations.Several theoretial explanations were suggested: higher-order orretions are large, intrinsikT e�ets are large [17℄, extreme values of the renormalization sales are needed, or newmethods of resummation and fragmentation are required [18{20℄. Theories of new andexoti soures of b-hadrons have also been proposed [21℄. Sine the earlier Tevatron resultsovered only 10-13% of the inlusive pT spetrum, it was not evident whether the exess wasdue to an overall inrease in the b-hadron prodution rate or a shift in the spetrum towardhigher pT .An inlusive measurement of b-hadron prodution over all transverse momenta an helpresolve this problem. Bottom hadrons have long lifetimes, on the order of pioseonds [22℄,whih orrespond to ight distanes of several hundred mirons at CDF. We use the measureddistane between the J= deay point and the beamline to separate prompt prodution ofharmonium from b-hadron deays. The single b-hadron ross setion is then extratedfrom the measurement of the ross setion of J= mesons from long-lived b-hadrons wheresingle di�erentiates the ross setion from the b-hadron ross setion referring to b and �bhadrons whih is a fator of two bigger. In this paper, we present the �rst measurement ofthe inlusive single b-hadron ross setion at ps = 1960GeV measured over all transversemomenta in the rapidity range jyj < 0:6.II. DESCRIPTION OF THE EXPERIMENTA. The TevatronThe Fermilab Tevatron is a 1 km radius superonduting synhrotron. Thirty-six bunhesof 980GeV protons and antiprotons ounter-irulate in a single ring and ollide at two in-teration points (where the CDF and D0 detetors are loated) every 396 ns. The transversepro�le of the interation region an be approximately desribed by a irular Gaussian dis-tribution with a typial RMS width of 30 �m. The longitudinal pro�le is also approximatelyGaussian with a typial RMS of 30 m. 9



For the data used in this analysis, instantaneous luminosities were in the range 0:5 to2:0 � 1031 m�2s�1. At these luminosities, typially there was only a single ollision in atriggered event.B. The CDF DetetorIn the CDF detetor [23, 24℄, a silion vertex detetor (SVX II) [25℄, loated immediatelyoutside the beam pipe, provides preise three-dimensional trak reonstrution and is usedto identify displaed verties assoiated with b and  hadron deays. The momentum ofharged partiles is measured preisely in the entral outer traker (COT) [26℄, a multi-wire drift hamber that sits inside a 1.4 T superonduting solenoidal magnet. Outside theCOT are eletromagneti and hadroni alorimeters arranged in a projetive-tower geometry,overing the pseudo-rapidity region j�j < 3:5. Drift hambers and sintillator ounters in theregion j�j < 1:5 provide muon identi�ation outside the alorimeters. In the CDF oordinatesystem, � and � are the polar and azimuthal angles, respetively, de�ned with respet to theproton beam diretion, z. The pseudorapidity � is de�ned as � ln tan(�=2). The transversemomentum of a partile is pT = p sin(�).The portion of the silion detetor systems used in this analysis is the SVX II detetor.The SVX II onsists of double-sided miro-strip sensors arranged in �ve onentri ylindrialshells with radii between 2.5 and 10.6 m. The detetor is divided into 3 ontiguous �ve-layersetions along the beam diretion for a total z overage of 90 m. Eah barrel is divided intotwelve azimuthal wedges of 30Æ eah. Eah of the �ve layers in a wedge is further dividedinto two eletrially independent modules alled ladders. There are a total of 360 ladders inthe SVX II detetor. The fration of funtioning ladders was inreasing from 78% to 94%during the period between February 2002 and July 2002 in whih the data used in this paperwere taken while the SVX detetor was being ommissioned.The COT is the main traking hamber in CDF. It is a ylindrial drift hamber seg-mented into eight onentri superlayers �lled with a mixture of 50% Argon and 50% Ethane.The ative volume overs jzj < 155 m and 40 to 140 m in radius. Eah superlayer is se-tioned in � into separate ells. A ell is de�ned as one sense plane with two adjaentgrounded �eld sheets. The sense plane is omposed of 40 �m gold-plated tungsten wires,twelve of whih are sense wires. In the middle of the sense planes, a mehanial spaer made10



of polyester/�ber glass rod is epoxied to eah wire to limit the stepping of wires out of theplane due to eletrostati fores. The main body of the �eld sheets is 10 �m gold-oatedmylar. The �eld sheets approximate true grounded wire planes muh better than the arraysof wires whih have often been used in wire hambers inluding the predeessor to the COT.Use of the �eld sheet also results in a smaller amount of material within the traking volume,and allows the COT to operate at a muh higher drift �eld than is possible with an array ofwires. The eight superlayers of the COT alternate between stereo and axial, beginning withsuperlayer 1, whih is a stereo layer. In an axial layer, the wires and �eld sheets are parallelto the z axis, and thus provide only r-� information. In stereo layers, the wires and �eldsheets are arranged with a stereo angle of �2Æ and provide z information in addition to r-�.The CDF entral muon detetor (CMU) [27℄ is loated around the outside of the entralhadron alorimeter at a radius of 347 m from the beam axis. The alorimeter is formedfrom 48 wedges, 24 on the east (positive z), and 24 on the west (negative z), eah wedgeovering 15Æ in �. The alorimeter thikness is about 5.5 interation lengths for hadronattenuation. The muon drift ells with seven wires parallel to the beamline are 226 m longand over 12.6Æ in �. There is a 2.4Æ gap between drift ell arrays, giving a � overageof 84%. The pseudorapidity overage relative to the enter of the beam-beam interationvolume is 0:03 < j�j < 0:63. Eah wedge is further segmented azimuthally into three 4.2Æmodules. Eah module onsists of four layers of four retangular drift ells. The sense wiresin alternating layers are o�set by 2 mm for ambiguity resolution. The smallest unit in theCMU, alled a stak, overs about 1:2Æ and inludes four drift ells, one from eah layer.Adjaent pairs of staks are ombined together to form a two-stak unit alled a tower. Atrak segment deteted in these hambers is alled a CMU stub.A seond set of muon drift hambers is loated behind an additional 60 m of steel (3.3interation lengths). The hambers are 640 m long and are arranged axially to form a boxaround the entral detetor. This system is alled the CMP, and muons whih register astub in both the CMU and the CMP are alled CMUP muons.Luminosity is measured using low-mass gaseous Cherenkov luminosity ounters(CLC) [28, 29℄. There are two CLC modules in the CDF detetor installed at small an-gles in the proton and antiproton diretions. Eah module onsists of 48 long, thin onialounters �lled with isobutane gas and arranged in three onentri layers around the beampipe. 11



C. Muon ReonstrutionThe starting point for the seletion of J= ! �+�� andidates is the reonstrutionof two oppositely harged muons. Muons are reonstruted from traks measured in thetraking hambers mathed to the stub positions in the muon detetors.1. Charged Partile TrakingTrak reonstrution begins in the COT. The �rst step in the pattern reognition is theformation of line segments from hits in eah superlayer. Line segments from the axial layersthat are tangent to a ommon irle are linked together to form a trak andidate and thehit positions are �t to a irle. Line segments in stereo layers are then linked to the 2-dimensional trak and a helix �t is performed. The transverse momentum resolution of theCOT is measured using osmi ray events to be�(pT )p2T = 0:0017 [GeV=℄�1: (1)The next step is to extrapolate eah COT trak into the SVX II and add hits that areonsistent with the trak. A window around the trak is established based on the errors onthe COT trak parameters. If a hit in the outer SVX II layer lies within the window, itis added to the trak. A new trak �t is then performed, resulting in a new error matrixand a new window. This window is then used to add hits from the next SVX II layer, andthe proedure is repeated over all layers. If no hit is found within the searh window, thealgorithm proeeds to the next layer. There may be multiple trak andidates with di�erentombinations of SVX II hits assoiated with one COT trak. In this ase, the trak withthe largest number of SVX II layers with hits is hosen. A COT-SVX II trak is formedonly if at least three r-� hits in the SVX II are assoiated with the original COT trak. Anaveraged impat parameter resolution of 34 �m is ahieved using hit information measuredin SVX II for muon traks with pT around 1.5GeV/.2. Muon Identi�ationIn the �rst stage of muon identi�ation, hits in alternate layers that are within 7.5 m ofeah other are used to form linear trak segments. This distane orresponds to a maximum12



angle relative to the radial diretion in the hamber of 65Æ. The remaining pair of layers isthen searhed for hits within 0.5 m of the line segment. The proedure is iterated and theoptimal set of hits is found. The segment resulting from a least-square �t to these hits isalled a \stub". Hits are required in at least 3 of the 4 layers to form a stub.Stubs reonstruted in the CMU are mathed to traks with a minimal pT of 1.3 GeV=.The traks are extrapolated to the CMU after using a simpli�ed geometry model to trakthe muon andidate's motion in the non-uniform magneti �eld of the alorimeter. Thedistane, �r�, in the r-� plane between the trak projeted to the muon hambers and themuon stub is required to be less than 30 m. The trak is required to point to the same endof the CMU detetor (east with postive z or west with negative z) that the stub is in unlessthe muon andidate trak is within 20m of the enter of the detetor.D. TriggersCDF uses a three-level trigger system [24℄. At Level 1, data from every beam rossing isstored in a pipeline apable of bu�ering data from 42 beam-rossings. The Level 1 triggereither rejets the event or opies the data into one of four Level 2 bu�ers. During the data-taking period for this analysis, the global Level 1 aept rate was approximately 10 kHzorresponding to a rate redution fator of approximately 170.At Level 2, a substantial fration of the event data is available for analysis by the triggerproessors whih require approximately 25 �s per event. During the period the data for thisanalysis were taken, the L2 aept rate was approximately 200 Hz, for a rejetion fator ofapproximately 50.Events that pass the Level 1 and Level 2 seletion riteria are then sent to the Level 3trigger [30℄, a luster of omputers running a speed-optimized reonstrution ode. Eventsseleted by Level 3 are written to permanent mass storage. During the period the datafor this analysis were taken, the global Level 3 aept rate was approximately 40 Hz, for arejetion fator of approximately 5.For the ross-setion measurement, we require events with two muon andidates identi�edby the Level 1 trigger. In Level 1, trak reonstrution is done by the eXtremely Fast Traker(XFT) [31℄. The XFT examines COT hits from the four axial superlayers and provides r-�traking information. The line segments are identi�ed in eah superlayer and linked using13



predetermined patterns. The XFT requires that eah line segment ontains hits found on atleast ten of a possible twelve anode wires in eah axial superlayer. The XFT �nds traks withpT > 1:5GeV/. It subdivides the COT into azimuthal setions of 1:25Æ eah and plaes atrak into a given setion based on its � position at superlayer 6 (r = 105.575 m). If morethan one trak andidate is found within a given setion, the XFT return the trak with thehighest pT . The XFT passes the traks it �nds to the eXTRaPolation unit (XTRP). TheXTRP extrapolates an XFT trak's trajetory to the CMU where a stub should be found ifit is a muon, taking into aount the path of the trak in the magneti �eld and the multiplesattering of muon in the alorimeter. The XTRP then passes the searh window to themuon trigger rate, whih looks for CMU stubs within the searh window. A Level 1 CMUstub requires that there be hits on both even layers or both odd layers of one 1:05Æ stakof the CMU with a drift time di�erene �t less than 396 ns. The twelve staks in eah 15Æwedge of the CMU are mapped in pairs to six trigger towers to math the granularity of theXTRP extrapolation. If a muon stub is found within the searh window, it is onsidered aLevel 1 muon. In order to �re the di-muon trigger, two muon andidates must be found,separated by at least two CMU trigger towers. There is no requirement that the muons haveopposite harge at Level 1. During the data taking period in whih the di-muon sample usedfor this analysis was obtained, there was no additional seletion imposed on muons at Level2 and events were passed to Level 3 diretly from Level 1.At Level 3, the muons are required to have opposite harge, and to have an invariantmass between 2.7 and 4.0GeV/2. In addition, both muon traks are required to be within5 m in z0, where z0 is the z oordinate of the muon trak at its distane of the losestapproah in the r-� plane to the beam axis. For a portion of the data sample onsidered inthis analysis, there is a requirement that the opening angle in r-� between the di-muons beless than 130Æ.E. LuminosityThe CLC ounters monitor the average number of inelasti p�p interations in eah bunhrossing. The inelasti p�p ross setion has been measured to be �in � 60 mb by severalexperiments at ps = 1800GeV [32{34℄. The inelasti p�p ross setion at ps = 1960GeV issaled from previous measurements using the alulations in [35℄. The rate of inelasti p�p14



interations is given by � � fBC = �in � L; (2)where L is the instantaneous luminosity, � is the average number of inelasti p�p interationsper bunh rossing, and fBC is the rate of bunh rossings. In this paper, we use data fromthe beginning of the CDF Run II operation where the average instantaneous luminositieswere relatively low.The number of p�p interations in a bunh rossing follows Poisson statistis where theprobability of empty rossings is given by P0(�) = e��. An empty rossing is observedwhen there are fewer than two ounters with signals above threshold in either module of theCLC. The measured fration of empty bunh rossings is orreted for the CLC aeptaneand the value of � is alulated. The measured value of � is ombined with the inelastip�p ross setion to determine the instantaneous luminosity using Equation 2. Beause thismethod depends only weakly on the CLC thresholds, it funtions partiularly well at lowluminosities where the probability of empty bunh rossings is large. The systemati erroron the luminosity measurement is estimated to be 6%.In CDF Run II, only runs with greater than 10 nb�1 integrated luminosity are onsideredfor analysis. Runs with good operating onditions in the detetor are tagged by the onlineshift rews. Data from those runs are examined to exlude ones with COT, muon or triggerhardware problems. For the measurement presented in this paper, the data olleted fromFebruary to July 2002 was used. This sample orresponds to a total integrated luminosityof 39:7� 2:3 pb�1.For J= andidates with transverse momenta in the range 0 to 2 GeV/, we use 14:8�0:9pb�1 of our data sample, whih orresponds to that fration of the data olleted when nout on the di-muon opening angle in the Level 3 trigger was used.III. DATA SELECTION AND RECONSTRUCTIONA. Data seletionThe events seleted by the J= trigger are reonstruted o�ine, taking advantage of themost re�ned onstants and algorithms. We reonstrut J= ! �+�� deays by seletingevents with two oppositely harged muon andidates reonstruted in the COT and CMU15



detetors. The J= ! �+�� sample used for this analysis was olleted using the CMUdi-muon triggers. Events are required to have satis�ed the Level 1 and Level 3 di-muontrigger riteria.In addition to the default muon seletion riteria outlined earlier, we require a pT inde-pendent trak-stub mathing riterion �2(�r�) < 9. A trak-stub mathing quality riterion�2(�r�) with a one degree of freedom is alulated from �r� and the expeted multiplesattering for a trak of given pT obtained from a GEANT simulation [37℄ of the CDF RunII detetor material. We require both muons to have transverse momenta pT > 1:5 GeV=as measured o�ine. The trigger requirements are veri�ed for the o�ine-reonstruted an-didates. In addition, eah CMU stub mathed to a triggered stub must lie within the XTRPsearh window set by the Level 1 triggered trak. Furthermore, trak momentum is or-reted for energy loss due to spei� ionization and multiple sattering aording to ouraounting of the detetor materials. We alulate the J= andidate invariant mass fromthe four-momenta of the two muons. For a portion of the data sample under onsideration,a temporary hardware problem with the di-muon logi aused the trigger to exlude J= events where both muon stubs fell in the � range of 240 � 270Æ. Therefore, we exludeJ= events where both muons fall in that � region and aount for this in the detetoraeptane. We also rejet J= andidates if one of the traks passes within 1.5 m of theenter of any COT wire planes, where the trigger eÆieny is diÆult to model beause ofthe distortion of the eletri �eld due to the mehanial spaers. This exlusion is aountedfor in the aeptane alulation. The muon reonstrution eÆieny is measured in eah ofthe 48 CMU detetor wedges. We �nd that the hit eÆieny in the CMU wedge on the westside of the detetor overing the region 240Æ < � < 255Æ is lower due to a known hardwareproblem and exlude J= events where either muon stub is reonstruted in this wedge. Asshown in Fig. 1, there are 299800� 800 J= events that passed these seletion onditions.To determine the yield in eah J= pT bin, the di-muon invariant mass distribu-tions are �tted using invariant mass line shapes inluding the radiative tail from internalbremsstrahlung obtained from a tuned hit-level COT simulation. The simulated J= eventsare deayed using the J= radiative deay model in the QQ deay pakage [38℄. The COThit multipliity per trak is tuned to math the data as losely as possible. The COT hitresolution is then tuned to �nd the best �2 in a binned �t to the data using the Monte Carloinvariant mass line shape for the signal and a polynomial shape for the bakground. Finally,16
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FIG. 1: Mass distribution of reonstruted di-muon J= andidates. The points are data. The solidline is the �t to the signal approximated as a double Gaussian and a linear �t for the bakground.The hathed region is the �tted bakground. The �t gives a signal of 299800 � 800 J= eventswith an averaged mass of 3:09391 � 0:00008 GeV/2 obtained and an average width of 0:020 �0:001GeV/2 mainly due to detetor resolution. The unertainties here are statistial only.energy loss and multiple sattering in material enountered before the COT are modeled.The energy loss in the silion material is saled until the peaks of the di-muon invariantmass distribution in di�erent pT ranges in data and from the simulation math. The orderof the bakground polynomial used varies with the bakground shape in eah J= pT range.A third-order polynomial is used for the momentum range 0-0.25GeV/, a seond-orderpolynomial is used for the range 0.25-2.25GeV/, and a �rst-order polynomial (linear bak-ground) for transverse momenta greater than 2:25GeV/. The �ts to the invariant massdistributions in four J= pT ranges are shown in Figs. 2. The J= yields and the statistialunertainties obtained from the �ts in eah pT range are listed in the �rst olumn of Table I.The mass �tting qualities in all pT bins are good as indiated from the �t probability shownin these Figures. We also examined the di�erenes between ounting the event numbers inthe J= signal region ( 3:02! 3:15GeV/2) to that predited from the �tting funtions ofsignal and bakground. The di�erenes ranging from +9% in the lowest pT bin to -1.3% in17



the high pT bin are used very onservatively as the systemati unertainties from the mass�tting.
    0.0<pT(µµ)<0.25 GeV/c

2.80 2.90 3.00 3.10 3.20 3.30 3.40

M(µµ) GeV/c2

0

20

40

60

80

E
ve

nt
s/

5 
M

eV
/c

2

365±25 Events

Luminosity = 14.8 pb-1

Prob(χ2)=11%

1.25<pT(µµ)<1.5 GeV/c

2.80 2.90 3.00 3.10 3.20 3.30 3.40

M(µµ) GeV/c2

0

100

200

300

400

500

600

E
ve

nt
s/

5 
M

eV
/c

2

3549±74 Events

Luminosity=14.8 pb-1

Prob(χ2)=27%

                          5.0<pT(µµ)<5.5 GeV/c

2.80 2.90 3.00 3.10 3.20 3.30 3.40

M(µµ) GeV/c2

0

500

1000

1500

2000

E
ve

nt
s/

5 
M

eV
/c

2

Prob(χ2)=32%

18478±241 Events

Luminosity = 39.7 pb-1
                           12.0<pT(µµ)<14.0 GeV/c

2.80 2.90 3.00 3.10 3.20 3.30 3.40

M(µµ) GeV/c2

0

100

200

300

400

E
ve

nt
s/

20
 M

eV
/c

2

Prob(χ2)=24%

1566±49 Events

Luminosity = 39.7 pb-1

FIG. 2: Invariant mass distributions of reonstruted J= ! �� events in the ranges of pT (��) <0:25GeV/ (top left), 1:25 < pT (��) < 1:5GeV/ (top right), 5:0 < pT (��) < 5:5GeV/ (bottomleft) and 12:0 < pT (��) < 14:0GeV/ (bottom right). The points with error bars are data.The solid line is the �t to the signal shape from the simulation and a polynomial shape for thebakground. The shaded histogram is the �tted bakground shape. The number of signal eventsand the �t probability of the binned �2 �tting are also provided.
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TABLE I: Summary of the inlusive J= ross-setion analysis omponents. The values of theyield and statistial unertainty from the �ts are listed in the 2nd olumn. The aeptane valuesand the ombined systemati and statistial unertainties on the aeptane are listed in the 3rdolumn. In the 4th and 5th olumns the trigger and trak-stub mathing eÆienies obtained fromthe mean of the distribution in eah bin and the orresponding systemati unertainties are listed.The sixth olumn lists the integrated luminosity used for eah measurement.Pt range Yield Aeptane Level 1 Trigger Trak-stub mathing LuminosityGeV/ (N i) (Ai) EÆieny (�iL1) EÆieny(�i�2 ) (Li) nb�10:0� 0:25 365 � 25 0:0153 � 0:0007 0:857� 0:013 0:9963 � 0:0009 14830 � 8700:25� 0:5 605 � 30 0:0069 � 0:0004 0:860� 0:013 0:9963 � 0:0009 "0:5� 0:75 962 � 38 0:0070 � 0:0004 0:865� 0:013 0:9962 � 0:0009 "0:75� 1:0 1592� 49 0:0087 � 0:0005 0:871� 0:014 0:9961 � 0:0009 "1:0� 1:25 2500� 62 0:0116 � 0:0006 0:877� 0:014 0:9960 � 0:0009 "1:25� 1:5 3549� 74 0:0151 � 0:0008 0:885� 0:014 0:9957 � 0:0009 "1:5� 1:75 4517� 84 0:0190 � 0:0009 0:892� 0:014 0:9955 � 0:0009 "1:75� 2:0 5442� 93 0:0232 � 0:0011 0:899� 0:015 0:9953 � 0:0009 "2:0� 2:25 16059 � 167 0:0271 � 0:0013 0:905� 0:015 0:9960 � 0:0009 39700 � 23002:25� 2:5 18534 � 252 0:0317 � 0:0015 0:911� 0:015 0:9946 � 0:0009 "2:5� 2:75 18437 � 253 0:0367 � 0:0017 0:916� 0:015 0:9943 � 0:0009 "2:75� 3:0 18858 � 259 0:0415 � 0:0019 0:920� 0:015 0:9939 � 0:0009 "3:0� 3:25 18101 � 253 0:0467 � 0:0021 0:924� 0:015 0:9935 � 0:0009 "3:25� 3:5 17597 � 250 0:0532 � 0:0024 0:927� 0:015 0:9931 � 0:0009 "3:5� 3:75 16400 � 241 0:0576 � 0:0025 0:930� 0:015 0:9927 � 0:0009 "3:75� 4:0 14863 � 226 0:0628 � 0:0029 0:932� 0:015 0:9923 � 0:0009 "4:0� 4:25 14056 � 218 0:0694 � 0:0031 0:934� 0:015 0:9918 � 0:0010 "4:25� 4:5 12719 � 212 0:0768 � 0:0034 0:936� 0:015 0:9913 � 0:0010 "4:5� 4:75 12136 � 201 0:0840 � 0:0037 0:937� 0:014 0:9909 � 0:0010 "4:75� 5:0 10772 � 188 0:0904 � 0:0039 0:939� 0:014 0:9904 � 0:0010 "5:0� 5:5 18478 � 241 0:1006 � 0:0042 0:940� 0:014 0:9897 � 0:0010 "5:5� 6:0 14616 � 210 0:1130 � 0:0046 0:942� 0:014 0:9887 � 0:0011 "6:0� 6:5 11388 � 180 0:1257 � 0:0051 0:946� 0:014 0:9876 � 0:0011 "6:5� 7:0 8687 � 154 0:1397 � 0:0055 0:945� 0:014 0:9865 � 0:0012 "7:0� 8:0 12409 � 139 0:1561 � 0:0068 0:946� 0:014 0:9850 � 0:0012 "8:0� 9:0 6939 � 107 0:1723 � 0:0075 0:947� 0:014 0:9827 � 0:0013 "9:0� 10:0 3973� 78 0:1807 � 0:0079 0:948� 0:014 0:9804 � 0:0014 "10:0� 12:0 3806� 74 0:1938 � 0:0074 0:949� 0:014 0:9772 � 0:0016 "12:0� 14:0 1566� 49 0:2163 � 0:0081 0:960� 0:014 0:9726 � 0:0017 "14:0� 17:0 935 � 40 0:238 � 0:011 0:951� 0:014 0:9671 � 0:0018 "17:0� 20:0 350 � 25 0:247 � 0:012 0:951� 0:014 0:9600 � 0:0020 "
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IV. ACCEPTANCE AND EFFICIENCYA. Monte Carlo DesriptionWe use the GEANT [37℄ Monte Carlo simulation software to estimate the geometriand kinemati aeptanes. The variation of detetor onditions in the simulation is set tomath the data. J= events are generated starting with a kinemati distribution that is atin rapidity and with a pT distribution seleted to best math the reonstruted data. Theevents are fully simulated. After the di�erential ross setion is measured, we iterate andrealulate the aeptane and the entral value of the ross setion using the measured pTdistribution. The GEANT simulation is validated by omparing the resulting distributionsof various kinemati quantities suh as �, pT , the trak-stub mathing distane, and the zvertex distribution in reonstruted data and reonstruted Monte Carlo events. Di�erenesin the data and Monte Carlo distributions are used to estimate the systemati unertaintieson the modeling of the CDF detetor geometry in the simulation.B. AeptaneWe orret the observed number of J= events for the detetor aeptane and eÆieny.The CMU muon detetor overs the pseudo-rapidity range of j � j< 0:6. In this region theoverage of the COT is omplete and the CDF detetor aeptane is driven by the muondetetor geometry and kinemati reah. The alorimeter ats as an absorber for the CMUdetetor whih is therefore sensitive only to muons with pT > 1:35 GeV/. The arrangementof the four sense wires within the CMU hambers allows a lower bound on the transversemomentum of the muon to be alulated from the di�erene in drift times in sense wires onalternating layers. The �t � 396 ns timing window is seleted to be fully eÆient for muonswith pT > 1:5GeV/.The aeptane is modeled as a funtion of both the reonstruted pT (J= ) and rapid-ity y(J= ) and is de�ned as the ratio between the number of generated events Ngen andreontruted events N re,A(pT ; y) = N re(pT (J= ); jy(J= )j < 0:6)Ngen(p0T (J= ); jy0(J= )j < 0:6) ; (3)where p0T (J= ) and y0 are the generated true values of the J= momentum and rapidity.20



The aeptane as a funtion of pT and y is shown in Fig. 3.
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FIG. 3: Aeptane of J= ! �� events determined from a GEANT simulation of the CDFdetetor. The aeptane is shown as a funtion of pT (J= ) and y(J= ). The aeptane as afuntion of pT (J= ) is measured integrated over jyj < 0:6 and the aeptane as a funtion of y isshown integrated over all pT .The aeptane inreases rapidly from 0.7% at pT = 0:25GeV/ to 10% at 5GeV/21



and 25% at 20GeV/. The aeptane in the range 0.0-0.25GeV/ is rapidly varying asa funtion of pT (J= ) and inreases with dereasing momenta from 0.7% at pT (J= ) =0:25GeV/ to 4% for J= mesons almost at rest (pT < 50 MeV/). The muon transversemomentum is required to be greater than or equal to 1.5GeV/, whih is lose to one-halfof the J= mass, therefore when the J= is at rest both muons are likely to be above the pTthreshold. As soon as the J= reeives a small boost, the probability is greater that at leastone muon will be below the pT aeptane threshold and the aeptane starts to dereaseuntil the J= transverse momentum exeeds 0.25GeV/.There is a small but non-zero aeptane at jyj = 0:6 due to detetor resolution andthe size of the interation region. J= Monte Carlo events generated with a at rapiditydistribution in the range jyjgen < 1:0 and a pT distribution as desribed in Setion IVA aresimulated. The relative aeptane of events generated with jyjgen > 0:6 and reonstrutedwith jyjreo < 0:6, A0, is alulated thus:A0 = N re(jyjgen > 0:6; jyjre < 0:6)Ngen(jyjgen < 0:6) ; (4)where N re(jyjgen > 0:6; jyjre < 0:6) is the number of J= events in the Monte Carlo samplewith reonstruted jyjreo < 0:6 and generated jyjgen > 0:6 and Ngen(jyjgen < 0:6) is thetotal number of events generated with jyj < 0:6. The value of A0 is found to be very small:A0 = 0:00071 � 0:00006(stat). A orretion fator of (1 � A0) = 99:93% is applied to theJ= yield alulated in eah pT (J= ) bin.A 2-dimensional aeptane funtion was used for an event-by-event orretion duringthe ross setion alulation proess. In Table I, the averaged aeptane values and theombined statistial and systemati unertainties for eah pT bin are given. Soures ofsystemati unertainties studied are J= spin alignment, pT spetrum, CMU simulation anddetetor material desription in GEANT simulation.Kinemati aeptane as a funtion of pT depends on the J= spin alignment. Thenormalized alignment distribution is given byI(�) = 32(�+ 3)(1 + � os2 �); (5)where � is the angle between the muon in the J= rest frame and the diretion of theJ= in the lab frame [5℄ and � quanti�es the spin alignment. The parameter � must liein the range -1 to 1 and � = 0 indiates no preferred spin alignment. The previous CDF22



measurements of the J= spin alignment parameter [5℄ are onsistent with zero but ouldalso be as large as 50% in some pT regions. The weighted mean of � measured in di�erentpT ranges in [5℄ is used to determine the entral value of the parameter � to be used for theaeptane. The value of � = 0:13� 0:15 is used for the �nal aeptane values where theunertainty is hosen to aommodate the variation in the previous CDF measurements andthe extrapolation to pT = 0 where � is expeted to be zero. The unertainty on aeptanedue to spin alignment is largest in the lower momentum bins and dereases with inreasingtransverse momentum. We �nd the unertainty is � 5% near pT = 0 and 2% in the region17 < pT < 20GeV/.To estimate the unertainty from variations of the input transverse momentum spetrum,the aeptane is realulated using a Monte Carlo sample generated using a at distribution.The at distribution is an extreme alternative from the nominal spetrum whih is a fastfalling funtion of pT . The frational hange in aeptane is taken as the unertainty onthe input transverse momentum distribution. The unertainty is about 3% in the lowestmomentum bin, less than 1% in the 0.25 to 3GeV/ bins, 1-2% in the 3 to 4GeV/ bins,and 2-4% in the 4 to 20 GeV/ bins.A systemati error of 1:0% from unertainties related to the CMU hamber simulation isestimated by omparing event distributions in data and in Monte Carlo. The modeling ofthe CMU overage in the r-z plane, the wire eÆieny di�erenes between wedges in eastand west and in di�erent � setions, and beam position in z are found to be the majorsoures of the simulation unertainties.There is a gap in CMU overage in the entral region of the detetor in the r-z plane.The gap in overage is approximately �11 m, measured at a radius of 347 m. The frationof muons falling in the gap region but still aepted by the CMU due to multiple satteringis ompared between data and Monte Carlo. The deviation between the ratios in data andMonte Carlo is taken as the unertainty in the modeling of the CMU �duial volume in theenter of the CDF detetor. The unertainty is found to be 0:20%.Several fators ontribute to the di�erene in the numbers of J= mesons with deayvertex in the opposite halves of the detetor along z. These inlude the shift in the averageprimary vertex loation towards positive z (east), the exlusion of the low eÆieny wedgeon the west side of the detetor, and the unertainty in the modeling of the z extent ofthe CMU detetor, as well as the di�erenes in the east and west hambers. We found23



a di�erene of 0:80% between data and Monte Carlo on the east-west asymmetry in thenumber of reonstruted J= events.The � aeptane of the CMU detetor obtained from the GEANT simulation does notinlude the di�erenes in gain and eÆienies between wedges. The number of events reon-struted in eah wedge in data and Monte Carlo is examined and the total number of eventsin Monte Carlo is normalized to math the data. The standard deviation of the di�erenebetween the number of events reonstruted in eah wedge between data and Monte Carlois taken as the unertainty on the CMU � aeptane. We �nd an unertainty of 0:55% dueto this soure.Muons from J= are required to have the z0 position to be within 90 m of the enterof the detetor, jz0j < 90 m. There is a small disagreement between the data and theMonte Carlo in the z0(�) distributions due to inadequate modeling of the interation region.This ontribution to the systemati error is estimated from the di�erene between the ratiosof data and Monte Carlo traks with jz0j < 90 m ompared to all muons. We �nd anunertainty of 0:28%.The material desription of the CDF detetor in GEANT determines the amount ofenergy loss from a muon trak when it travels through the detetor. Inside the trakingvolume, the material desription of the new silion detetor has the biggest impat on muontraks in the low momentum range whih is of speial interest to this analysis. To estimatethe systemati error on the aeptane from unertainty of the detetor material desription,the SVX II material used in the simulation was varied by 10 % to 20%. The systematiunertainty is taken as the di�erene between the aeptane values measured with di�erentmaterial sale fators and the nominal. The unertainty is largest in the low momentumbins where it is around 5%.The systemati unertainties on aeptane are summarized in Table IV. The size ofthe unertainties from J= spin alignment, J= pT spetrum and detetor material desrip-tion depends on the muon pT range as expeted while the unertainty from muon detetorsimulation is the same for all pT ranges of interests in the analysis.
24



C. Data QualityThe yield, mean, and resolution of the J= invariant mass peak were monitored over theperiod of the data taking to evaluate the detetor performane. The number of J= mesonsreonstruted is normalized by the integrated luminosity of eah run. We identify outlyingruns whih may have additional hardware or trigger problems that have been undeteted bythe standard o�ine validation proedures. Runs with J= yields di�erent by 4� from theaverage, where � is the standard deviation of the yields in a given run range, are onsideredoutliers. Two suh runs were found out of 457 onsidered. The integrated luminosities ofthese two runs are 14.3 nb�1 and 258.3 nb�1. Further investigations of online operationalonditions during these runs revealed no obvious hardware or trigger malfuntions. Sinethe probability is 1% that a data subsample of 258.3 nb�1 out of a total sample of 39:7pb�1 would have a yield di�erent by > 4�, both runs are inluded in the baseline ross-setion measurement. The measurement is repeated without the outlier runs inluded anda systemati unertainty assigned from the di�erene in the measurements. We �nd theunertainty on the total ross setion to be less than 1%.D. Trigger EÆienyFor our measurement of the Level 1 di-muon trigger eÆieny, we used J= events thatwere taken with a high-pT single-muon trigger. At Level 1, this trigger requires a muonwith pT greater than 4:0GeV/. In Level 3, a J= is reonstruted using the triggered high-pT muon and a seond muon whih is not required to pass the Level 1 requirements. Thisseond muon is then used to measure the Level 1 single-muon eÆieny. The denominator ofthe eÆieny measurement is the number of J= reonstruted using the Level 3 trak andmuon information. These J= andidates must have a mass between 2.7 and 3.6 GeV/2,a di-muon opening angle of ��0 < 130Æ, and a separation in z0 of less than 5 m betweenthe andidate's traks. The probe-muon trak must have at least 20 COT axial-layer hitsand 16 COT stereo-layer hits, a CMU r-� math of �2(�r�) < 9, and a trak jz0j < 90 m.Traks are exluded if they pass within 1.5 m of the enter of any of the COT wire planesin any of the axial layers in order to avoid the ineÆient region aused by wire supports. Forthe probe muon to pass the Level 1 trigger, the assoiated Level 3 trak must be mathed25



to an XFT trak and the Level 3 CMU stub must be mathed to a Level 1 CMU stub thatlies within XTRP window. The resulting Level 1 muon-�nding eÆieny is shown in Fig. 4.The distribution is �t to the following funtion:

0.10 0.20 0.30 0.40 0.50 0.60 0.70

1/pT(µ) (GeV/c)-1

0.900

0.925

0.950

0.975

1.000

Le
ve

l 1
 M

uo
n 

T
rig

ge
r 

E
ffi

ci
en

cy

:

FIG. 4: The Level 1 CMU trigger eÆieny as a funtion of muon pT . Points with error bars aremeasurement points. The solid line is the �tting result using the funtion desribed in the text.The dashed lines indiate the range used to determine the unertainty.��L1(p�T ) = E � freq�A� 1=pTR � ; (6)where freq is the normal frequeny funtion:freq(x) = 1p2� Z x�1 e� 12 t2dt; (7)E is the plateau eÆieny, A is assoiated with the pT at whih the eÆieny is half thepeak value, and R is the e�etive Gaussian resolution. We �nd E = 0:977 � 0:002, A =1:1� 0:1 (GeV=)�1, and R = 0:28� 0:06 (GeV=)�1.To determine the unertainty in the Level 1 trigger eÆieny, while also taking intoaount the data utuations around the entral �t as shown in Fig. 4, the range of theuppermost and lowermost utuations supported by the data are omputed as follows:x0(pT ) = �x � (jx � �xj + 1�) where x is the data value, �x is the value returned by the26



�t and � is the unertainty on the data. The x0(pT ) distribution is re�t using the funtionin Equation 6. The results are shown as dashed lines in Fig. 4. The di-muon Level 1 triggereÆieny is alulated on an event-by-event basis to take into aount �-� orrelations. Foreah J= andidate, the Level 1 J= reonstrution eÆieny is given by:�J= L1 (pJ= T ) = ��L1(p�1T ) � ��L1(p�2T ); (8)where ��L1(p�T ) is the single muon Level 1 trigger eÆieny given by Equation 6, and p�1;2T arethe transverse momenta of the two muon andidates. The trigger's exlusion of pairs withnearby stubs is inluded as part of the geometri aeptane. The mean of the Level 1 di-muon trigger eÆieny distribution in eah J= transverse momentum bin is listed in TableI. The maximum di�erene from varying the trigger eÆienies by one standard deviationindependently for the two muons is listed as the unertainty on the di-muon trigger in TableI. We �nd that the variation is within �1:5% in all bins.The Level 3 reonstrution eÆieny is dominated by the di�erene between the onlineand o�ine traking eÆieny. A fast traking algorithm is used for pattern reognition inthe COT in Level 3. In the o�ine reonstrution a more aurate traking algorithm isombined with the result of the Level 3 algorithm to give a higher overall COT trakingeÆieny. The Level 3 single-muon reonstrution eÆieny as measured versus the o�inereonstrution algorithm is found to be onstant for pT (�) > 1:5GeV/ and is��L3=O�ine = 0:997� 0:001(stat)� 0:002(syst): (9)In the Level 3 trigger, the muons are required to be separated in z0 by less than 5 m.The eÆieny ��z0 of this ut is measured using J= andidates reonstruted in single-muon-trigger data samples where a Level 3 di-muon trigger was not required to aquire thedata. The numbers of events that passed the z0-separation riterion in the mass signal andsideband regions are examined. The ut is found to be 100% eÆient with an unertaintyof 0.1%. The unertainty is driven by the statistial limitations of the small data samplesobtained from the single-muon triggers.E. Reonstrution EÆieniesThe COT traking eÆieny was measured using a Monte Carlo trak embedding teh-nique. Hits from simulated muon traks are embedded into CDF Run II di-muon events.27



The distane resolution and hit-merging distane are adjusted so the embedded trak hasresiduals and hit distributions mathed to muon traks in J= data events. The eÆienyof COT trak reonstrution in di-muon events is found to be�COT(p�T > 1:5GeV=) = 0:9961� 0:0002(stat)+0:0034�0:0091(syst): (10)The absolute o�ine reonstrution eÆieny of muons inluding stub reonstrution andmathing stubs to traks is measured using J= events from single-muon trigger sampleswhere the J= invariant mass is reonstruted from a triggered, fully-reonstruted muonand a seond trak. Traks from the di-muon-mass signal region are projeted to the muonhambers, and the eÆieny of �nding a mathed stub is measured. For muons in the CMU�duial region with pT (�) > 1:5GeV/, the o�ine reonstrution eÆieny is found to beindependent of pT and is measured to be:��CMU = 0:986� 0:003� 0:010: (11)To selet lean CMU muons, the trak-stub mathing in the r-� plane is required to have�2(�r�) < 9. The eÆieny of this ut is found to have a weak dependene on p�T :��2 = (1:0018� 0:0003)� (0:0024� 0:0001)p�T : (12)The eÆieny of the trak-stub mathing riterion (�2(�r�) < 9) as a funtion of J= transverse momentum, obtained using an event-by-event weighting is listed in Table I. Thesystemati unertainty on the weighted-average mathing-ut eÆieny is obtained by vary-ing the normalization and slope in Equation 12 by one standard deviation. The hange inthe weighted average eÆieny in eah J= transverse momentum bin is found to be � 0:2%.Sine the two muons originate from a ommon deay point, the eÆieny of the trakz0 ut is fully orrelated for the two muons and is ounted only one. The ombined pTindependent COT-traking, muon and Level 3 reonstrution eÆienies for J= mesons isalulated to be �re = �2L3 � �2COT � �2CMU � �z0 � ��z0 = 95:5� 2:7%: (13)Table II summarizes the pT -independent reonstrution eÆienies and those of the variousmuon seletion uts.
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TABLE II: Summary of J= reonstrution eÆienies.J= Seletion EÆienyLevel 3 muon reonstrution �L3 = 0:997 � 0:001 � 0:002COT o�ine traking �COT = 0:9961 � 0:0002+0:0034�0:0091Muon o�ine reonstrution �CMU = 0:986 � 0:003 � 0:010Muon z0 position less than �90 m �z0 = 0:9943 � 0:0016Di-muon z0 separation less than 5 m ��z0 = 1:0� 0:001Total reonstrution �re = �2L3 � �2COT � �2CMU � �z0 � ��z0 = 95:5 � 2:7%V. J= CROSS SECTIONAn event-by-event weighting is used to determine the J= yield in eah pT bin. Eahevent is weighted using the Level 1 single muon eÆieny �L1(p�T ) and the eÆieny of thetrak-stub mathing riterion ��2(p�T ) applied to eah of the two muons. The event is thenorreted for the aeptane A(pJ= T ; yJ= ). The weight of eah andidate event is given by:1=wi = �L1(p�1T ) � �L1(p�2T ) ���2(p�1T ) � ��2(p�2T ) � A(pJ= T ; yJ= ): (14)We �t the invariant mass distributions of the weighted events, using the same shapes forsignal and bakground as shown in Fig. 2. The number of signal events in eah transversemomentum bin is determined from the area under the signal mass peak. The error on theorreted yield from the mass template �t, N(pT )orreted is given by:Æ(N(pT )orreted) =vuuti=NsXi=0 (wi)2; (15)where Ns is the raw number of signal events in eah momentum bin before weighting. Ina similar fashion, the di-muon pT distribution in eah bin is weighted. The weighed pTdistribution of the mass sideband subtrated events in the J= mass signal region is usedto determine the mean pT value for eah transverse momentum bin.The J= di�erential ross setion is then alulated as follows:d�dpT �Br(J= ! ��) = N(pT )orreted � (1�A0)�re � R Ldt ��pT ; (16)29



where d�=dpT is the average ross setion of inlusive J= in that pT bin integrated overj y(J= ) j< 0:6, A0 is the orretion fator for y smearing de�ned by Equation 4, �re isthe ombined Level 3 and o�ine traking and muon reonstrution eÆieny, R Ldt is theintegrated luminosity, and �pT is the size of the pT bin.The ross-setion values obtained with statistial and pT -dependent unertainties arelisted in Table III.An unertainty of +0.1% on the momentum sale is extrated by omparing the re-onstruted J= mass as shown in Fig. 1 to the world averaged value of 3:09688 �0:00004GeV/2 [22℄. The 3 MeV/2 di�erene is attributed to an underestimation of theenergy loss in the silion detetor due to an inomplete aounting of the material at thetime the data sample used in this analysis was proessed. The +0:1% unertainty fromthe momentum sale orresponds to an unertainty on the di�erential ross setion asd(d�=dpT )=dpT � 0:1%. Using the values in Table III, the �rst derivative of the di�er-ential ross setion is alulated and the momentum sale unertainty on the ross setionin eah bin estimated. The e�et was found to be small, the largest negative deviation being�0:08% and the largest positive deviation being +0:7%.Table IV summarizes the di�erent ontributions to the systemati errors applied to theross-setion measurement from aeptane alulations using a Monte Carlo simulation,the mass line shapes used to determine the yield, the trigger and reonstrution eÆienies,and the luminosity measurement.The di�erential ross-setion results with systemati and statistial unertainties are dis-played in Fig. 5. The invariant ross setion, d�=dp2T �Br(J= ! ��), with systemati errorsis shown in Fig. 6. The results are also listed in Table III.We integrate the di�erential ross setion to �nd the total J= prodution ross setion:�(pp! J= X; j y(J= ) j< 0:6) �Br(J= ! ��)= 240� 1(stat)+21�19(syst) nb: (17)The pT -dependent systemati unertainties are summed and then added in quadrature with
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TABLE III: The di�erential J= ross setion times the branhing fration Br � Br(J= ! ��)as a funtion of pT for jy(J= )j < 0:6. For eah measurement, the �rst unertainty is statistial andthe seond unertainty is systemati. The systemati unertainties shown are the pT dependentunertainties only. The fully orrelated pT independent systemati unertainty in eah bin is 6:9%.pT (J= ) (GeV/) Mean pT Mean p2T d�dpT � Br (nb/( GeV/)) d�dp2T �Br (nb/( GeV/2))0:0� 0:25 0:15 0:027 9:13� 0:6(stat)+1:1�0:7(syst) 36:5� 2:4(stat)+4:2�2:6(syst)0:25� 0:5 0:39 0:16 28:1� 1:5+2:4�1:6 37:4 � 2:0+3:1�2:00:5� 0:75 0:64 0:42 45:3� 1:9+3:0�2:1 36:2 � 1:5+2:5�1:80:75� 1:0 0:89 0:79 59:3� 2:0+4:0�2:9 33:9 � 1:1+2:3�1:61:0� 1:25 1:13 1:29 69:6� 1:9+3:6�3:2 31:0 � 0:8+1:7�1:51:25� 1:5 1:38 1:91 73:4� 1:7+3:9�3:5 26:7 � 0:6+1:4�1:31:5� 1:75 1:63 2:66 75:2� 1:6+3:8�3:3 23:2 � 0:5+1:2�1:01:75� 2:0 1:87 3:52 72:9� 1:4+3:7�3:3 19:4 � 0:4+0:9�0:82:0� 2:25 2:13 4:53 69:1� 0:8+3:3�2:9 16:3 � 0:2+0:8�0:72:25� 2:5 2:38 5:65 67:3� 1:0+3:1�2:8 14:2 � 0:2+0:7�0:62:5� 2:75 2:62 6:89 57:6 � 0:9� 2:6 11:0� 0:2� 0:52:75� 3:0 2:87 8:26 52:0 � 0:8� 2:4 9:04� 0:13� 0:413:0� 3:25 3:12 9:76 43:6 � 0:7� 1:9 6:97� 0:10� 0:313:25� 3:5 3:38 11:4 37:3 � 0:6� 1:6 5:53� 0:08� 0:243:5� 3:75 3:62 13:1 31:5 � 0:5� 1:3 4:34� 0:07� 0:183:75� 4:0 3:87 15:0 26:2 � 0:4� 1:2 3:38� 0:05� 0:154:0� 4:25 4:12 17:0 22:5 � 0:4� 1:0 2:72� 0:05� 0:124:25� 4:5 4:38 19:2 18:7 � 0:3� 0:8 2:13� 0:04� 0:094:5� 4:75 4:62 21:4 16:1 � 0:3� 0:7 1:74� 0:03� 0:084:75� 5:0 4:88 23:8 13:3 � 0:3� 0:6 1:37� 0:03� 0:065:0� 5:5 5:24 27:5 10:3� 0:15� 0:42 0:984� 0:014� 0:0405:5� 6:0 5:74 33:0 7:28� 0:12� 0:29 0:633� 0:010� 0:0256:0� 6:5 6:24 38:9 5:11� 0:09� 0:20 0:408 � 0:0069 � 0:0166:5� 7:0 6:74 45:5 3:54� 0:07� 0:14 0:262 � 0:0052 � 0:0107:0� 8:0 7:45 55:7 2:27� 0:03� 0:10 0:151 � 0:0019 � 0:0068:0� 9:0 8:46 71:6 1:14� 0:02� 0:05 0:0668 � 0:0011 � 0:00289:0� 10:0 9:46 89:5 0:622 � 0:013 � 0:025 0:0327 � 0:0007 � 0:001310:0� 12:0 10:8 118 0:278 � 0:006 � 0:011 0:0126 � 0:0003 � 0:000512:0� 14:0 12:8 165 0:103 � 0:003 � 0:004 0:00398 � 0:00013 � 0:0001514:0� 17:0 15:2 233 0:037 � 0:002 � 0:002 0:00120 � 0:00005 � 0:0000617:0� 20:0 18:3 336 0:014 � 0:001 � 0:001 0:00037 � 0:00004 � 0:00002
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TABLE IV: Summary of systemati unertainties in the inlusive J= ross-setion measurement.The pT dependent unertainties are listed in the top setion of the table. In general, the pT depen-dent unertainties inrease with dereasing pT . The total is alulated from the pT independentsoures only. Soure SizeAeptane J= spin alignment �(2! 5)% (pT )Aeptane pT spetrum �(0! 5)% (pT )Aeptane Detetor material �(0:4! 5)% (pT )Yield Mass �ts (�1:3! +9)% (pT )Yield Momentum sale (�0:1! +0:7)% (pT )Luminosity CLC �6:0%Reonstrution Table II �2:8%Aeptane CMU simulation �1:0%Yield Data quality �1:0%L1 trigger eÆieny Table I �1:5%Total �6:9%� Æ(pT )the fully-orrelated unertainty of 6.9%:Æstattot ��rmBr = vuutNbinsXi=1 (Æstati )2 = 1 nb (18)Æsysttot ��rmBr = (NbinsXi=1 Æsysti (pT ))��16 nb= +21�19 nb; (19)where Nbins is the total number of pT bins, Æstati is the statistial unertainty in the ross-setion measurement in the ith bin, Æsysti (pT ) is the systemati unertainty on the measure-ment in eah pT bin independent of the orrelated systemati unertainty of 6.9%, and �denotes addition in quadrature. After orreting for the Br(J= ! ��) = 5:88�0:10% [22℄,
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we �nd �(pp! J= X; j y(J= ) j< 0:6)= 4:08� 0:02(stat)+0:36�0:33(syst) �b: (20)To ompare with prior measurements where only the portion of the ross setion forpT (J= ) exeeding 5GeV/ was measured [1℄, we also measure the integrated ross setionof inlusive J= with pT > 5GeV/ and j�j < 0:6 at ps = 1960GeV. We �nd the rosssetion is �(pp! J= X; pT (J= ) > 5:0 GeV=; j �(J= ) j< 0:6) �Br(J= ! ��)= 16:3� 0:1(stat)+1:4�1:3(syst) nb: (21)We disuss the omparison of this result with earlier data in Setion VII.VI. Hb ! J= FRACTION AND THE b-HADRON CROSS SECTIONIn general, the inlusive J= ross setion ontains ontributions from various soures:prompt prodution of harmonium; deays of exited harmonium states suh as  (2S); �1and �2; and deays of b-hadrons. The harmonium states deay immediately. In ontrast,b-hadrons have long lifetimes that are on the order of pioseonds. This implies that J= events from the deays of b-hadrons are likely to be displaed from the beamline. We exploitthis feature to separate J= ontributions from b-hadrons and prompt harmonium in thepT bins used in the inlusive J= ross setion alulation.To measure the fration of J= events that are from displaed deay verties, we use thesubset of the J= sample that inludes those events for whih both muon traks from theJ= satisfy high quality COT-SVX II trak requirements. The trak extrapolation from thepath formed by the trajetory in the COT into the SVX II is desribed in Setion IIC 1. Thetotal number of hits expeted in the �ve layers of the SVX II is determined from the numberof funtioning and powered silion sensors interseted by the COT muon trak. Traksmissing more than one expeted hit in the SVX II are rejeted. Both traks are required tohave a hit in the innermost layer of the SVX II and a hit in the seond layer if the sensorinterseted by the COT trak is funtioning. Corretions for energy loss in the SVX II areapplied to the andidate muons based on a GEANT simulation of the material. The two34



muon traks are onstrained to ome from a ommon spae point. The �2 probability ofthis 3-dimensional vertex �t is required to exeed 0.001. We �nd that 139200� 500 events,or about half of the total J= data sample, pass these riteria. While the data sampleis redued by the SVX II requirements, the momentum, angle, and vertex resolutions aresubstantially improved.The primary vertex, taken as the beam position in the r-� plane, is assumed as thepoint where b-hadrons are produed. It is alulated on a run-by-run basis from a datasample taken using the inlusive jet trigger whih has negligible ontributions from harmand bottom deays so the beamline position an be alulated with no bias from detaheddeay verties. The resolution of the primary vertex in the r-� plane is limited by the� 30 �m RMS spread in the size of the beam envelope.A. Measurement of the Fration of J= Events from b-hadronsThe J= from the deay of Hb ! J= X is likely to be displaed from the primary vertexwhere b-hadrons are assumed to be produed. The signed projetion of the ight distane ofJ= on its transverse momentum, Lxy, is a good measurement of the displaed vertex andan be used as a variable to separate J= of the Hb deay produts from that of promptdeays. This method works well for events with high J= pT where the ight diretion alignswell with that of the b-hadron. For events with very low J= pT , the non-negligible amountof J= with large opening angle between its ight diretion and that of the b-hadron willimpair the separation ability. Monte Carlo simulation shows that a reliable b-fration anbe extrated using this method for events with J= pT greater than 1.25GeV/.The Lxy is alulated as Lxy(J= ) = ~L � ~pT (J= )=jpT (J= )j; (22)where ~L is the vetor from the primary vertex to the J= deay vertex in the r-� planeand ~pT (J= ) is the transverse momentum vetor. To redue the dependene on the J= transverse momentum bin size and plaement, a new variable x, alled pseudo-proper deaytime, is used instead of Lxy, x = Lxy(J= ) �M(J= )=pT (J= ); (23)35



where theM(J= ) is taken as the known J= mass [22℄. A Monte Carlo simulation is neededto model the distribution of x(J= ) from b-hadron events. The Monte Carlo templates of thex distributions Xm(x; pJ= T ) are generated for all J= transverse momentum ranges and arediretly onvoluted with the value of the x resolution funtion measured in the data withoutallowing any of the parameters governing the shape of the Monte Carlo distributions to vary.1. The Likelihood FuntionAn unbinned maximum likelihood �t is used to extrat the b-fration, fB, from the data.The J= pseudo-proper deay time x, its error �, and the mass of the di-muon pair m�� arethe input variables. A simultaneous mass and lifetime �t is performed using a log-likelihoodfuntion (lnL) given by: lnL = NXi=1 lnF(x;m��); (24)where N is the total number of events in the mass range 2:85 < m�� < 3:35GeV/2.The mass and pseudo-proper deay time distribution is desribed by the following fun-tion, F(x;m��) = fSig � FSig(x)�MSig(m��)+ (1� fSig)�FBkg(x)�MBkg(m��); (25)where fSig is the fration of signal J= events in the mass region, FSig and FBkg are thefuntional forms desribing the J= pseudo-proper deay time distribution for the signal andbakground events respetively, andMSig andMBkg are the funtional forms desribing theinvariant mass distributions for the signal and bakground events respetively. We nowdesribe these omponents of the likelihood �t in more detail.The funtion for modeling the J= pseudo-proper deay time signal distribution onsistsof two parts, the Hb ! J= X deay and prompt deay funtions labeled FB(x) and FP (x)respetively: FSig(x) = [fB � FB(x) + (1� fB) � FP (x)℄ ; (26)where fB is the fration of J= mesons originating in b-hadron deays. We use the xdistributions Xm of aepted events from a Monte Carlo simulation as templates for the xdistribution of b-hadron events in data. The generated distributions are onvoluted with a36



resolution funtion R(x0 � x; s�) suh that the Hb ! J= X signal shape is given byFB(x) = R(x0 � x; s�)
Xm(x0); (27)where s is an overall error sale fator whih represents the possible errors in determining thelifetime resolution and 
 denotes a onvolution. Prompt J= mesons are produed at theprimary vertex, therefore their observed displaement is desribed only by the resolutionfuntion FP = R(x; s�). We �nd that R(x0 � x; s�) is best desribed by a sum of twoGaussian distributions entered at x = 0.The bakground requires a more ompliated parameterization to obtain a good �t to thedata outside the J= signal region. The pseudo-proper deay time bakground funtion isomposed of four parts: the zero lifetime omponent, a positive slope exponential funtion,a negative slope exponential funtion, and a symmetri exponential funtion with bothpositive and negative slopes. The positive slope exponential funtion is hosen to model thebakground from other long lived b-hadron events that produe opposite sign muons suhas b ! ����X;  ! �+�X. The zero lifetime omponent is hosen to be the same shapeas the resolution funtion. The symmetri and negative slope exponential funtions areadded to parameterize the remaining omponents of the bakground pseudo-proper deaytime distributions whih are from unknown soures. The bakground exponential tails arealso onvoluted with the resolution funtion.The bakground funtional form is parameterized as follows:FBkg(x) = (1� f+ � f� � fsym)R(x; s�)+f+�+ exp(� x0�+ )�(x0)
 R(x0 � x; s�)+f��� exp( x0�� )�(�x0)
 R(x0 � x; s�)+ fsym2�sym exp(� x0�sym )�(x0)
 R(x0 � x; s�)+ fsym2�sym exp( x0�sym )�(�x0)
 R(x0 � x; s�); (28)where f�; sym is the fration of the bakground distribution in the positive, negative andsymmetri exponential tails respetively, ��;sym are the orresponding exponential slopes,and �(x) is the step funtion de�ned as �(x) = 1 for x � 0 and �(x) = 0 for x < 0. Itshould be kept in mind that the bakground strongly depends on pT and m��, and that37



the likelihood funtion inorporates a global �t over the full mass window shown in Fig. 2,inluding the J= peak and mass sidebands.The mass resolution used in the likelihood �t is better than that shown in Figs. 3 - 5beause of the addition of SVX II hits to the traks. For the likelihood �t, the di-muonmass shapeMSig is hosen to be simply the sum of two Gaussian distributions. The meansof the Gaussian distributions are allowed to oat independently:MSig(m��) = G1(m�� �M;�M)+ f2 �G2(m�� � (M +D); r2�M ): (29)The mass �t parameters are the mean M of the mass distribution, the width �M of the�rst Gaussian distribution, the fration f2 of the seond Gaussian distribution, the shift Din the mean of the seond Gaussian distribution, and the ratio r2 of the widths of the twoGaussian distributions. The mass bakground is modeled using a linear distribution. This�t is adequate for the SVX II onstrained di-muon mass. The funtion used, normalized tounity over the mass range mmin to mmax is:MBkg(m��) = 1mmax�� �mmin��+ Mslope(m�� � mmax�� +mmin��2 ); (30)where Mslope is the slope of the mass bakground distribution. The only �t parameter isMslope.2. The Fits and Systemati UnertaintiesThe �ts to the J= pseudo-proper deay time in three sample pT ranges are shown inFig. 7. These data orrespond to a subset of the data in the mass plots shown in Fig. 2whih satisfy the SVX II traking requirements. The values of the b-frations from the�ts with statistial and systemati unertainties for events with J= transverse momenta of1.25GeV/ to 20.0GeV/ are listed in Table V, and the distribution is shown in Fig. 8. Thismeasurement of the b-fration is used in Setion VIB, in onjuntion with the measurementof the inlusive J= ross setion, to alulate the inlusive b-hadron ross setion.The unertainties on the b-frations are summarized in Table VI. In the table, perentage38



errors on the absolute value of b-fration are listed. Now we disuss the estimation ofsystemati unertainties on the b-fration in detail.We have performed various tests to assess the auray of the likelihood proedure. The�t shapes for signal and bakground are histogramed into bins and ompared to the binned
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TABLE V: The fration of J= events from deays of b-hadrons and the orresponding aeptane.The �rst unertainty on the b-fration is the statistial unertainty from the unbinned likelihood�t and the seond unertainty is the ombined systemati unertainties on the measurement of theb-fration. The unertainty on the aeptane is the ombined statistial unertainty from MonteCarlo statistis and the systemati unertainty on the aeptane measurement.pT (J= ) Fration from AeptaneGeV/ b-hadrons Hb ! J= X1:25� 1:5 0:094 � 0:010 � 0:012 0:01579 � 0:000371:5� 1:75 0:092 � 0:006 � 0:010 0:01981 � 0:000291:75� 2:0 0:085 � 0:006 � 0:009 0:02433 � 0:000342:0� 2:25 0:100 � 0:005 � 0:011 0:02842 � 0:000322:25� 2:5 0:091 � 0:005 � 0:010 0:03335 � 0:000382:5� 2:75 0:101 � 0:005 � 0:009 0:03864 � 0:000592:75� 3:0 0:099 � 0:005 � 0:008 0:04376 � 0:000723:0� 3:25 0:109 � 0:005 � 0:007 0:04940 � 0:000813:25� 3:5 0:112 � 0:005 � 0:008 0:05619 � 0:000933:5� 3:75 0:113 � 0:005 � 0:007 0:0611� 0:00103:75� 4:0 0:133 � 0:005 � 0:007 0:0666� 0:00164:0� 4:25 0:116 � 0:005 � 0:007 0:0736� 0:00184:25� 4:5 0:126 � 0:006 � 0:007 0:0815� 0:00204:5� 4:75 0:131 � 0:006 � 0:007 0:0891� 0:00224:75� 5:0 0:147 � 0:007 � 0:008 0:0960� 0:00245:0� 5:5 0:141 � 0:005 � 0:006 0:1065� 0:00255:5� 6:0 0:156 � 0:006 � 0:007 0:1198� 0:00296:0� 6:5 0:169 � 0:007 � 0:007 0:1330� 0:00326:5� 7:0 0:182 � 0:007 � 0:008 0:1476� 0:00377:0� 8:0 0:208 � 0:006 � 0:009 0:1647� 0:00558:0� 9:0 0:227 � 0:009 � 0:007 0:1813� 0:00629:0� 10:0 0:250 � 0:011 � 0:008 0:1893� 0:006810:0� 12:0 0:279 � 0:012 � 0:008 0:2022� 0:006412:0� 14:0 0:337 � 0:019 � 0:009 0:2247� 0:007214:0� 17:0 0:397 � 0:025 � 0:009 0:2462 � 0:01117:0� 20:0 0:464� 0:045+0:017�0:011 0:2538� 0:00935.5GeV/ and 10.0-12.0GeV/. Five di�erent values of the b-fration, 5% to 13%, areassumed and the number of events in eah pT bin is hosen to math the data. The �ttedvalues of b-frations are found to agree with the generated values within 2% in all pT bins.Thus the systemati unertainties on the b-fration measurements due to �t bias are foundto be less than 2%. 41



TABLE VI: Soures of systemati unertainties on the measurement of the b-hadron fration in in-lusive J= deays as perentages of the absolute value. In general, the pT dependent unertaintiesinrease with dereasing pT .Soure Systemati unertaintyResolution funtion model �(0:5 � 8)%Bakground funtion model �(0� 2)%Fit bias �(0� 2)%MC prodution spetrum �(2� 7)%MC deay spetrum �(0:5 � 3)%MC inlusive Hb lifetime �(0:5 � 4)%Total �(3� 13)%The resolution funtion for the pseudo-proper deay time, R(x0 � x; s�), is modeled bya double Gaussian funtion where the dominant Gaussian width is allowed to oat and isdetermined by the �t to the data in eah pT (J= ) bin. Other parameters in the funtionare �xed to the values obtained from a binned �t to Lxy=�(Lxy) averaged over all pT (J= ).The double Gaussian resolution funtion is not an exat desription of the resolution fun-tion shape but only an approximate parameterization of many di�erent resolution e�ets.Therefore, to estimate the systemati unertainty due to the resolution funtion modeling,the maximum range of values for the ratios of areas and widths of the two Gaussians sup-ported by the data are estimated. We �nd that the ratios of the seond Gaussian to thedominant Gaussian vary from 1:5 to 2:5 in width and 0.05 to 0.15 in area. The systematiunertainty on the b-fration from this soure is largest in the lowest momentum bin, wherethe perentage error is as large as 8%, and dereases with inreasing pT (J= ).In the J= pseudo-proper deay time signal region, events are observed in the distributionat long positive and negative lifetimes that are not well desribed by the double Gaussiandesription of the resolution funtion. The soure of these long lived \tails" is unknown. Toestimate the systemati unertainty on the long lived tails not modeled by the prompt signaldouble Gaussian, a box shaped funtion is added to the prompt J= x signal distributionin the range -2500 to 2500 �m. The height of the box is �xed in the �t using the number42



of events in the data that are in exess of the �t projetion. The b-fration values returnedfrom the �t with the box funtion are used to estimate the systemati unertainty fromthe tails that are not modeled properly. We �nd the b-fration values derease by about5% in the lowest momentum bins when the box shape is added to the prompt J= distri-bution. The exess modeled by the box an also be assigned to the b-hadron signal whihauses a systemati inrease. The hange in the b-fration dereases in the higher transversemomentum bins.The �t was repeated with the bakground shape hanged suh that only a positiveand negative exponential is used with no symmetri exponential. The di�erenes in theb-frations observed are negligible. The bakground parameters are extrated from a �t tothe sideband data distributions only, where the sidebands are hosen suh that no signi�antontribution is expeted from the radiative J= tail. The �t is repeated in eah bin withthe values of the bakground parameters �xed to the values obtained from the sideband �t.No signi�ant di�erene between the value of the parameters extrated is observed. Thedi�erene in the b-fration extrated using the parameters obtained from the sideband �t istaken as a systemati unertainty. In the lowest and highest momentum bin the perentagedi�erene on b-fration value extrated is 2-3%. The di�erenes are less than 1% in all otherbins.To study the dependene of the b-frations on the modeling of the b-hadron spetrumused in the Monte Carlo, a at distribution in pT and y of the b prodution spetrumis used to regenerate the x distributions and the �ts were repeated. The di�erenes inthe value of the b-frations extrated from the diret �t to Monte Carlo templates of xprodued from an input spetrum that is uniform in pT (b) and y(b) are examined. Thevariation in the b-frations extrated in the range 1:25 to 2:0GeV/ are the largest, themaximum variation being an inrease of 18% in the bin 1:5 to 1:75GeV/. The uniforminput spetrum is unrealisti, therefore the systemati unertainty is taken as one-half ofthe size of the variation observed in the b-fration when the at model is used. We assignsystemati unertainties of 7%, 3% and 2% for measurements in the transverse momentumranges of 1.25-3.0GeV/, 3.0-8.0GeV/ and 8.0-20.0GeV/ respetively.In addition, we examine the hange in the b-fration extrated when varying the Hb !J= X deay momentum spetrum while keeping the Hb prodution momentum spetrum�xed. Two deay spetrums, Hb ! J= (diret)X and Hb ! J= (inlusive)X [40℄, are used43



for this. The perentage di�erene is found to be 2-4% in the lowest momentum bins and< 1% for pT (J= ) > 2:5GeV/.The mix of hadrons and their respetive lifetimes is a ontributing fator to the shape ofthe J= pseudo-proper deay time distributions. To assess the systemati unertainty due tothe unertainty on the b-hadron average lifetime, we vary the average lifetime in the MonteCarlo by 11 �m whih is the size of the systemati unertainty on the average b-hadronlifetime measured at CDF in Run II. We �nd that the measured b-fration dereases in alltransverse momentum bins when the lifetime is inreased. The frational derease is 4% inthe lowest momentum bin and less than 1% for bins with pT (J= ) > 12GeV/. The variationin the b-fration observed when the average b-hadron lifetime is varied by �11 �m is taken asa systemati unertainty on the b-fration measurement. Table VI summarizes the souresof systemati unertainties on the measurement of the b-hadron fration as perentages ofthe absolute values.B. Measurement of the Inlusive b-hadron Cross SetionSine J= mesons from deays of bottom hadrons have a di�erent average spin alignmentthan an inlusive sample of J= mesons, we need to apply an aeptane orretion toaount for this di�erene. In previous CDF measurements, the e�etive value of the spinalignment parameter �e� of J= from b-hadron deays was measured to be �e�(pT (J= ) >4:0 GeV=) = �0:09� 0:10 [5℄, where �e� is obtained by �tting os �J= , the angle betweenthe muon diretion in the J= rest frame and the J= diretion in the lab frame, to thefuntional form 1+�e� �os2 �J= . More reent measurement on the spin alignment was doneusing B ! J= X events olleted at the �(4S) resonane. The BaBar experiment measured�B = �0:196� 0:044 for p� < 1:1GeV/ and �B = �0:592� 0:032 for p� > 1:1GeV/ [41℄.Here the deay angle of the J= is measured in the �(4S) rest frame and p� is the total J= momentum measured in the �(4S) rest frame.We opt to use the more preise result from the BaBar experiment in the aeptanealulations for Hb ! J= X events assuming it is appliable to the CDF environmentwhere b-hadrons are produed in fragmentation with a large momentum range instead ofprodued at a �xed momentum as in � deays [15℄. First, Monte Carlo events are generatedto have the J= heliity angle distributions in the b-hadron rest frame predited from �B44



values aording to their p� values. Then, values of the spin alignment parameter �e� forevents in eah J= pT bin are obtained from �tting the os �J= distributions of these MonteCarlo events. The systemati errors on �e� are obtained by varying the input values of �Bin the proess aording to measurement errors. This proess gives a result onsistent withprevious CDF measurement, albeit with smaller unertainties. For example, a new and morepreise value of �e� = �0:13�0:01 for the J= events with pT (J= ) > 4:0 GeV= is obtainedfrom this proess. Finally, the aeptane values, as listed in Table V, are alulated fromthe Monte Carlo events generated with the derived spin alignment parameters in eah J= pT bin.The di�erential b-hadron ross setions are alulated in a similar way as that for theinlusive J= . The J= yields in eah pT bin listed in Table I are multiplied with the b-frations to obtain the orresponding Hb ! J= yields. The new aeptane values listedin Table V are used while the J= reonstrution eÆienies and luminosity value stay thesame. Most of the systemati unertainties in the inlusive J= ross-setion alulationarry over here without hange exept for those from the J= spin alignment on the a-eptane whih are estimated using errors on �e� . In addition, the unertainties from theb-frations are also inluded in the systemati errors. The J= from b-hadron inlusiveross-setion results with statistial and systemati unertainties are shown in Table VII.The di�erential ross setion with all statistial and systemati errors added is plotted inFig. 9. A reent QCD theoretial alulation using a �xed order (FO) alulation with re-summation of next-to-leading logs (NLL) [42℄ is overlaid. We disuss further the omparisonwith theoretial alulations in Setion VII.An integration of the di�erential b-hadron ross-setion results in Table VII gives thetotal ross setion�(p�p! HbX; pT (J= ) > 1:25 GeV=; jy(J= )j < 0:6)�Br(Hb ! J= X) �Br(J= ! ��)= 19:4� 0:3(stat)+2:1�1:9(syst) nb: (31)The systemati unertainty quoted inludes the fully orrelated unertainty of 6:9% obtainedfrom the inlusive J= ross-setion measurement. We orret the integrated ross setion
45
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b-hadron ross setion, �i(Hb), in the ith pT (Hb) bin,�i(Hb) = �i(raw)f i� = PNj=1wij�j(J= )f i� ; (35)where f i� is the fration of bottom hadrons in the ith pT (Hb) bin that give rise to a J= with atransverse momentum in the range 1.25 to 20GeV/ and rapidity in the range jy(J= )j < 0:6.Monte Carlo simulations are used to alulate the weighting fators, wij, and aeptaneorretion fators, f i�. In the simulation, the deay spetrum of Hb ! J= X obtained fromreferenes [40℄ and [41℄ is used. The alulation is repeated in an iteration proess: at eahpass the input prodution spetrum used in the Monte Carlo is the spetrum measured inthe previous iteration and a �2 omparison is made between the input and output spetrums.The proess terminates when the �2 omparison reahes the preision limit. This proedureis found to be insensitive to the initial prodution spetrum shape.The statistial unertainty in eah pT (Hb) bin is given by:Æstat(�i(Hb)) = 1f i�vuut NXj=1 wijÆ2stat(�j(J= )): (36)The systemati unertainties are taken as just the simple weighted sum of the systematierrors from the di�erential Hb ! J= ross-setions measurements,Æsyst(�i(Hb)) = 1f i� NXj=1 wijÆsyst(�j(J= )): (37)The extrated di�erential ross setion of b-hadrons over the transverse momentum rangefrom 0 to 25GeV/ is shown in Fig. 11. The ross setion has been orreted for thebranhing frations, Br(Hb ! J= X) = 1:16 � 0:10% and Br(J= ! ��) = 5:88 �0:10% [22℄, and divided by two to obtain the single b-hadron di�erential ross setion. Weintegrate the di�erential ross setion extrated above to obtain the single b-hadron inlusiveross setion. We �nd the total inlusive single b-hadron ross setion is�(p�p! HbX; jyj < 0:6) = 17:6� 0:4(stat)+2:5�2:3(syst) �b: (38)VII. DISCUSSIONWe have measured the inlusive J= and b-hadron ross setions in p�p interations atps = 1960GeV in the entral rapidity region of jyj < 0:6. For the �rst time, the rosssetion has been measured over the full transverse momentum range (0-20 GeV/).49



0 5 10 15 20 25

pT(Hb) GeV/c

1

101

102

103

104

dσ
/d

p T
(H

b)
 n

b/
(G

eV
/c

)

|y|<0.6

Data with total uncertainties

FONLL theoretical prediction

Theoretical uncertainty

FIG. 11: Di�erential ross-setion distribution of b-hadron prodution as a funtion of b-hadrontransverse momenta. The rosses with error bars are the data with systemati and statistialunertainties added, inluding orrelated unertainties. The solid line is the entral theoretialvalues using the FONLL alulations outlined in [42℄, the dashed line is the theoretial unertainty.For omparison to Run I measurements at ps = 1800GeV [1℄, we onsider the ross-setion measurements in the range pT (J= ) > 5:0GeV/ and pseudo-rapidity j�(J= )j < 0:6.We measure the inlusive J= ross setion at ps = 1960GeV to be�(pp! J= X)1960 �Br(J= ! ��)= 16:3� 0:1(stat)+1:4�1:3(syst) nb: (39)The CDF Run I measurement at ps = 1800GeV was found to be�(pp! J= X)1800 �Br(J= ! ��)= 17:4� 0:1(stat)+2:6�2:8(syst) nb: (40)We measure the ross setion of J= events from Hb deays with pT (J= ) > 5GeV/ andj�(J= )j < 0:6 to be�(p�p! HbX)1960 �Br(Hb ! J= X) �Br(J= ! ��)= 2:75� 0:04(stat)� 0:20(syst) nb: (41)50



The equivalent Run I measurement [1℄ was found to be�(p�p! HbX)1800 �Br(Hb ! J= X) �Br(J= ! ��)= 3:23� 0:05(stat)+0:28�0:31(syst) nb: (42)Although the Run II J= and b-hadron ross setions are measured at a higher enter-of-massenergy, and it is expeted that the prodution ross setions inrease by approximately 10%,the Run I and Run II measurements are onsistent within measurement unertainties. Theratio of the Run II to Run I di�erential b-hadron ross-setion measurements as a funtionof pT (J= ) is shown in Fig. 12. No di�erene in the shape of the ross setion is observed.
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jyj < 1:0 where we have assumed the rapidity distribution is uniform in the region jyj < 1:0.As shown in Fig. 13, we �nd good agreement between the Run II extrated measurement of
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rapidity range jyj < 0:6 and pT (J= ) > 5:0GeV/ is �(p�p ! HbX; jyj < 0:6) � Br(Hb !J= X) � Br(J= ! ��) = 3:2 nb [45℄ whih is in good agreement with our result of3:06� 0:04(stat)� 0:22(syst) nbA more omplete disussion of the hanges in QCD alulations an be found in refer-enes [18, 20, 42℄. Updated determinations of proton parton densities and bottom quarkfragmentation funtions have brought the QCD alulations into better agreement with theCDF measurements of the total b-hadron ross setion and the b-hadron pT distribution.VIII. SUMMARYWe have measured the inlusive entral J= ross setion in p�p interations at ps =1960GeV. The ross setion has been measured over the full transverse momentum range.for the �rst time. We �nd the integrated inlusive J= ross setion in the entral rapidityrange to be �(pp! J= X; j y(J= ) j< 0:6)= 4:08� 0:02(stat)+0:36�0:33(syst) �b; (43)after orreting for Br(J= ! ��) = 5:88� 0:10% [22℄.Using the long lifetime of b-hadrons to separate that portion of the J= ross setion thatis from deays of b-hadrons, we have measured the ross setion of J= mesons from b-hadrondeays for J= transverse momenta greater than 1:25GeV/. The integrated Hb ! J= Xross setion, inluding both hadron and anti-hadron states, is�(p�p! Hb; Hb ! J= X; pT (J= ) > 1:25 GeV=; jy(J= )j < 0:6)= 0:330� 0:005(stat)+0:036�0:033(syst) �b; (44)after orreting for the branhing fration Br(J= ! ��) = 5:88� 0:10% [22℄.The measurement of the J= ross setion from b-hadron deays probes b-hadron trans-verse momenta down to zero. We have extrated the �rst measurement of the total entralb-hadron ross setion in p�p ollisions from the measurement of the b-hadron ross setionwith J= transverse momenta greater than 1:25GeV/ using Monte Carlo models. We �ndthe total single b-hadron ross setion integrated over all transverse momenta to be�(p�p! HbX; jyj < 0:6) = 17:6� 0:4(stat)+2:5�2:3(syst) �b: (45)53
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